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Abstract. Vortex Generators (VGs) are widely used by the wind turbine industry, to control
the ﬂow over blade sections. The present work describes a computational ﬂuid dynamic
procedure that can handle a geometrical resolved VG on an airfoil section. After describing
the method, it is applied to two diﬀerent airfoils at a Reynolds number of 3 million, the FFA-
W3-301 and FFA-W3-360, respectively. The computations are compared with wind tunnel
measurements from the Stuttgart Laminar Wind Tunnel with respect to lift and drag variation
as function of angle of attack. Even though the method does not exactly capture the measured
performance, it can be used to compare diﬀerent VG setups qualitatively with respect to chord-
wise position, inter and intra-spacing and inclination of the VGs already in the design phase.
1. Introduction
In the wind turbine industry VGs are a widely used device to control the ﬂow over parts of the
blades. The application of VGs to limit ﬂow separation has a long history, originating from the
work of Taylor [15] where vane type VGs were applied to limit ﬂow separation. In connection
with wind energy applications one of the early references is the work on the Mod-2 wind turbine
by Sullivan [13] where an 11 percent increase in annual energy production was reported.
From an engineering point of view, there is a strong need for knowledge on how to incorporate
VGs into the design process at an early stage in order to choose the size, shape, position and
inclination angles of the VGs. In the design codes used by industry all that is needed to do this
is the lift, drag and moment polars for the airfoil sections equipped with VGs.
The standard way to obtain this is through wind tunnel experiments which can be costly and
also diﬃcult to perform at the high Reynolds numbers needed today and for the relatively thick
airfoils sections typically used on modern blades.
An alternative or supplementary approach to the direct experimental approach is to use e.g.
Navier-Stokes based CFD tools to directly compute the eﬀects of VGs during the design phase.
Due to the large range of scales present for a wing equipped with VGs, it is not
computationally feasible to directly attack the problem using a full wind turbine blade equipped
with a large number of VGs (typically in the order of hundreds of VGs). Two approaches have
typically been applied, either using a model for the VG, either in the form of inserting volume
forces as in the BAY type of models, Bender [1], Perivolaris [10], or by modeling the boundary
layer mixing eﬀect of the VG by increasing the turbulence kinetic energy at the VG position
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Hansen et al. [3]. Avoiding the need to resolve the boundary layer on the actual VGs makes it
possible to actually model the full physical conﬁguration, see Tai [14].
When directly representing the VG in the computation by resolving the geometry, and thereby
avoiding the need for additional modeling, often simpler problems are addressed, either VGs on
ﬂat plates, Fernandez [2] or span-wise periodic airfoil sections see Joubert [4].
2. Numerical study
The DTU Wind Energy ﬂow solver EllipSys3D is used in all computations presented in this
paper. The code is developed in co-operation between the former Department of Mechanical
Engineering at the Technical University of Denmark and the former Department of Wind Energy
at Risø National Laboratory, Risø-DTU, see Michelsen [8, 9] and Sørensen [11].
In the present work the turbulence in the boundary layer is modeled by the k-ω Shear Stress
Transport (SST) eddy viscosity model Menter [6]. The eﬀects of laminar/turbulent transition in
the boundary layer on the blade is modeled with the γ− R˜eθ correlation based transition model
of Menter [7], for the present implementation see Sørensen [12].
In the present simulations, the EllipSys3D code is used in steady state mode, running local
time stepping towards a steady state solution. The diﬀusive terms are discretized with a second
order central diﬀerencing scheme. The convective ﬂuxes are computed using the third order
accurate QUICK scheme of Leonard [5], both for the momentum, turbulence equations, and the
equations of the transition model. For all simulations the convergence criteria is a reduction of
the residual by a factor of 100.000.
3. Vortex Generator Setup
The VG conﬁgurations investigated in the present work are all in a counter rotating conﬁguration
as seen in Figure 1. In order to limit the computational requirements, only one of the two vanes
in a VG unit is simulated exploiting the geometrical symmetry of a VG unit. The parameters
characterizing the VG conﬁguration are: the size, the aspect ratio of the delta wings, the angles
of the delta wings with the oncoming ﬂow, and the inter and intra spacing of the VG units, see
Figure 1. For all cases studied here the height (h) of the VG is 1 percent of the chord length,
the aspect ratio (l/h) of the VG is approximately 3.8 and the inclination with the incoming ﬂow
(β) is 15.5 degrees, the distance between the VG within the pairs is Δ1/h ∼ 5 at the leading
edge of the VG, while the distance at the leading edge to the next VG pair is Δ2/h ∼ 4
β
h
l
Δ1
Δ2
Figure 1. The left side of the ﬁgure shows a sketch of a top-down view of an airfoil with the
leading edge toward the bottom equipped with VGs. The colored region indicates the symmetry
unit used in the computations. The right side of the ﬁgure shows an non-scalable sketch deﬁning
the characteristic dimensions of the VG setup.
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To justify the symmetry assumption used in the present computations, the behavior of the
trailed vorticity behind VGs positioned at x/C=0.30 is compared with the limiting streamlines
on the suction side of the airfoil from the experient in the Stuttgart Laminar Wind Tunnel, see
Figure 2. Even though the present mesh is not conserving a very distinct vortex structure near
the trailing edge of the airfoil the vortex structure is still clearly visible. Grid reﬁnement studies
have shown that preserving the vortex structure all the way to the trailing edge is a prerequisite
for obtaining the VG eﬀect on the airfoil.
Figure 2. The left picture shows the computed vortex trailed behind the VG placed at x/C = 30
percent on the suction side of the FFA-W3-301, the vortex structure is visible all the way to the
trailing edge even though diﬀusion is slowly smearing the structure. The right picture shows the
food print of the vortex for a similar situation in the Stuttgart Laminar Wind Tunnel, curtesy
of Stuttgart [16].
4. Grid Generation
In order to allow systematic studies of the eﬀect of delta shaped VGs on the airfoil performance,
it is crucial that parametric studies can be performed. This requires eﬃcient grid generation that
allows easy variation of the VG setup. The main parameters of interest in this connection is the
chord-wise position of the VGs, the size of the VG, the aspect ratio of the VG, the inclination
of the VG and the inter and intra spacing of the VG pairs. To limit the necessary eﬀort to
generate the computational grids, the grid generation is split in several sub-processes. First, a
surface grid is generated for half a VG unit, ﬁxing the size, aspect ratio, inclination and the
inter and intra spacing of the VG pairs, see Figure 3. This part of the grid generation is done
in the commercial grid generator called Pointwise. For a given aspect ratio of the delta shaped
VG, it is relatively easy to change the size, inclination, and inter and intra spacing of the VG
pairs. The present methodology allows a library of diﬀerent VG setups to be made and reused
on diﬀerent airfoils highly reducing the grid generation time.
Having generated the desired VG unit, it can be combined with an arbitrary 2D airfoil shape
and positioned at a speciﬁc chord-wise position by running a small program distributing the
grid points around the airfoil geometry, see Figure 4.
Finally, the volume grid can be generated using the in-house hyperbolic grid generator
HypGrid3D by simply marching the grid normal to the airfoil surface, see Figure 5. One
consequence of the block structured topology is that all grid cells from the VG unit will be
carried all the way to the far-ﬁeld. Here the cells due to the limited expansion possible in the
span- and chord-wise direction will result in high aspect ratio cells. To avoid excessive grid
generation problems, the distance to the far-ﬁeld boundary is relaxed from the normal 30-40 to
16 chord lengths.
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The 3D grids are generated based on the knowledge from previous 2D and 3D airfoil
computations with a y+ value below 2 everywhere on the airfoil, a chordwise resolution of
389 cells, a spanwise resolution of 64 cells and normal resolution of 128 cells. The eﬀect of
coarsening the grid by a factor of two in all direction is included in Figure 10 which clearly
shows that the stall angle is inﬂuenced by the resolution while the results below the predicted
stall angle is grid independent. This indicates that higher grid resolution might be needed to
accurately capture the stall onset, but this is left to later studies. Here, the focus is mainly on
illustrating the overall possibilities of the method.
Figure 3. An example of a VG unit used for the airfoil simulations. The left picture shows the
VG surface with the block structure around the VG and the right picture shows the surface grid
on the VG unit.
Figure 4. A VG unit positioned on the airfoil geometry. The pictures show from left to right:
overview of the VG on the airfoil geometry, close-up of the VG, and the block structure of the
grid around the VG.
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Figure 5. Grid structure around the VG positioned on the airfoil, here only showing every
second grid point. The pictures show in the left picture the grid wrapping around the delta
wing shape, and in the right picture a grid plane downstream of the VG.
Figure 6. A span-wise cut through the grid topology showing a typical 2D O-mesh structure.
Due to the block structured topology, the grid cells from the VG unit will develop high aspect
ratios in the far-ﬁeld and prevents that the outer boundary of the grid can be placed at the
normal distance of 30-40 chord length.
5. Results
5.1. Preliminary Test
Before starting the actual investigation, a crude study is performed of the eﬀect of the limited
distance to the far-ﬁeld location where the undisturbed velocity is speciﬁed, to clarify if the
close proximity of the farﬁeld boundary will inﬂuence the solution. A 2D study is performed
for the clean airfoil conﬁguration in fully turbulent conditions showing a minimal interference
when varying the distance from ∼ 32 chords to ∼ 16 chords, see Figure 7. From the ﬁgure it
is evident that untill stall diﬀerence between the results on the two domain sizes is negligible,
and even in stall, the diﬀerence is small. Additionally, as all conﬁguration are computed on a
similar grid setup, it is believed that the present setup will allow a good relative comparison of
the diﬀerent VG conﬁgurations.
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Figure 7. Comparison of the 2D airfoil computations performed on a domain with the far-
ﬁeld placed 16 and 32 chords from the airfoil surface, for the FFA-W3-301 airfoil at a Reynolds
number of 3 million.
5.2. FFA-W3-301 Airfoil
Three conﬁgurations of the 30 percent thick FFA-W3-301 airfoil were investigated, with the VG
unit placed with its leading edge at x/C ∼ 0.15, x/C ∼ 0.20 and x/C ∼ 0.30, respectively.
The Reynolds number for all simulations were 3 million based on the airfoil chord and the free
stream velocity. The computations are compared to experimental data taken in the Stuttgart
wind tunnel, Wu¨rz et al. [16], for the cases where data are available.
When comparing the lift and drag between measurements and computations, it must be
remembered that the VG modeled in the computations is idealized compared to the actual one
used in the measurements. In the measurements the VGs are equipped with a rather substantial
base plate to help with the positioning and alignment. Unfortunately more recent experiments
have revealed that the VG base generate nearly one third of the drag increase observed in the
measurements, and additionally, the base plate has the eﬀect of decreasing the lift similar to
adding roughness to the leading edge. Furthermore, with respect to the computations it must be
expected that including the VG conﬁguration in the 3D CFD computations will not circumvent
the well established problem of the CFD RANS method of predicting the excact stall onset angle
and the performance in stalled conditions.
The overall tendency of the computations can be observed by comparison of Figures 8 to 10
where the lift and drag are shown for the three conﬁgurations.
Starting by comparing the cases with the VG positioned at 15 percent chord (where only
computations exist) with the cases with the VG at the 20 percent chordwise position, a one
degree delay in the stalling angle can be observed when the VG is moved towards the leading
edge, see Figure 8. In agrement with other experimental observations the delay in stall angle
when moving the VG towards the leading edge is accompanied by a decreased lift slope close to
stall onset. The price paid for the increased stalling angle is observed in the right hand side of
Figure 8, showing an increase in drag when moving the VG towards the leading edge. Compared
to the clean conﬁguration both the computed conﬁgurations have improved lift performance at
the price of some additional drag at the lower angles of attack.
For the 20 and 30 percent cases where measurements exist for both cases, a similar tendency of
the lift variations with VG position is observed in both experiment and measurements, namely
an increased delay in stall angle accompanied by a decreasing lift slope close to stall when
moving the VG towards the leading edge. For this case, even though the lift slope decreased the
accompanied delayed in stall angle dictates a higher Cl max when positioning the VG closer to
the leading edge (x/C=0.20), see Figure 9 and 10.
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Figure 8. Comparison of computed setup with the VG at x/C=0.15 and x/C=0.20 with
measured lift and drag for the clean FFA-W3-301 airfoil at a Reynolds number of 3 million.
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Figure 9. Comparison of computed and measured lift and drag for the FFA-W3-301 airfoil at
a Reynolds number of 3 million, with the VG placed at x/C=0.20. For the measured drag the
min and max value of the spanwise sinusoidaely varying drag are shown with lines only.
Looking at the drag in the experimental data, Figure 9 and Figure 10, three diﬀerent drag
curves are available from the wake deﬁcit measurements, namely the span-wise mean value
indicated with both line and symbols, the minimum and maximum drag observed along the
span indicated only with lines. While the three curves are nearly identical for the clean airfoil
(not shown here), the fact that the drag varies sinusoidalely along the span depending on whether
the drag is determined from the wake directly behind a VG or from the wake behind the free
space between these, introduces the much higher drag variation for the VG cases.
Comparing the drag in Figures 8 to 10, the picture is not quite as clear as for the lift. First
of all the increase in the mean drag in the computations is much smaller than the observed drag
increase in the experiment. Even when subtracting approximately on third of the drag that has
recently been shown to be attributed to the base plate, the computations seem overly optimistic
with respect to the drag prediction. This being said, the computations are still able to capture
the qualitative eﬀect of increasing drag at low AOA’s for all conﬁguration.
Finally, a more detailed study of the pressure distributions for the FFA-W3-301 airfoil is
shown for three conﬁgurations, clean, VG at 20 percent chord and VG at 30 percent chord at
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Figure 10. Comparison of computed and measured lift and drag for the FFA-W3-301 airfoil at
a Reynolds number of 3 million, with the VG placed at x/C=0.30. For the measured drag the
min and max value of the spanwise sinusoidaely varying drag are shown with lines only.
four diﬀerent angles of attack ∼ [4, 8, 16, 20] degrees, see Figure 11. The pressure contours
are extracted at 10 cross sections accross the span, resulting in several sections intersecting the
actual VG position producing the wiggles like structure present in Figure 11. Additionally,
this representation also illustrates that the computed ﬂow remains steady and with a 2D
like behaviour on the remaining part of the airfoil. In the ﬁgures the measured and the
computed angles of attack do not agree fully and some deviation might be observed due to
this. Additionally, even though the experimental lift and drag values are corrected using wind
tunnel corrections as described in Wu¨rz et al. [16], the correction to the pressure distribution is
not a simple shift of the angle of attack and is therefore not included.
Even though the agreement is not perfect it is observed that at the lower angles of attack 4
and 8 degrees, the pressure distributions are similar for all three conﬁgurations. When the clean
airfoil is starting to separate at 16 degrees, the two VG conﬁgurations preserve attached ﬂow
in both simulations and measurements. The good qualitative agreement of the computed and
measured pressure distribution for the two VG conﬁguration indicates that the computations
are capturing the right physics.
At the highest angle of attack of 20 degrees, no measurements are taken for the clean
conﬁguration, while both the measured VG conﬁgurations are heavily stalled, see Figure 11.
From Figure 9 it is clear that stall is taking place right around ∼ 20 degrees for the computed
x/C=0.20 conﬁguration, while Figure 10 shows that stall is happening already around ∼ 18
degrees for the computed x/C=0.30 conﬁguration.
5.3. FFA-W3-360
The 36 percent thick FFA-W3-360 is also investigated, and among the experimental tested setups
we concentrate on the conﬁgurations with VGs placed at x/C ∼ 0.15 and x/C ∼ 0.20 from the
leading edge in the computations. The Reynolds number for all simulations and measurements
is 3 million based on the airfoil chord and the free stream velocity. The computations are again
compared to experimental data taken in the Stuttgart Laminar Wind Tunnel, Wu¨rz et al. [16].
Looking at Figure 12 the ﬁrst obvious observation is that for the 36 percent thick airfoil the
agreement of the lift slope between computations and measurements below Cl max is not capture
in contrast to observations for the thinner 30 percent airfoil. The recent observation that the VG
baseplate can have an eﬀect similar to leading edge roughness together with the knowledge that
roughness typically has a strong eﬀect on thick airfoils, making the airfoil lift slope non-linear
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Figure 11. Comparison of computed and measured pressure distributions for the FFA-W3-301
airfoil at a Reynolds number of 3 million, for a clean airfoil left, a VG placed at x/C=0.20 center
and a VG placed at x/C=0.30 right column.
below stall could be one obvious explanation. This is supported by the fact that the lift slope is
greatly improved in the measurements by moving the VG towards the trailing edge from 0.15 to
0.20 percent. Additionally, the agreement between the measured and computed conﬁguration
with the VG at 20 percent is clearly improved compared to the 15 percent conﬁguration, see
Figur 12.
It is hypothesized that the destructive eﬀect of the baseplate compared to the beneﬁcial eﬀect
of the VG is dominating for the conﬁguration with the VG at x/C ∼ 0.15. When moving the
VG towards the trailing edge, resulting in a larger ratio between boundary layer and baseplate
height, the beneﬁcial eﬀect of the VG starts to dominate in the region between 10 and 16
degrees angle of attack . This is observed in the measurements by the recovery of a linear lift
slope up to 16 degrees. For higher angles of attack the deviation is proably due to the well know
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shortcomming of RANS CFD to predict the onset and deep stall behaviour.
 0
 0.5
 1
 1.5
 2
 2.5
 3
 0  5  10  15  20  25
C
l
Aoa [deg]
FFA-W3-360, Re=3x106
Measured, Clean
Measured, vg=0.15
Computed, clean
Computed, vg=0.15
 0
 0.5
 1
 1.5
 2
 2.5
 3
 0  5  10  15  20  25
C
l
Aoa [deg]
FFA-W3-360, Re=3x106
Measured, Clean
Measured, vg=0.20
Computed, clean
Computed, vg=0.20
Figure 12. Comparison of computed and measured lift for the FFA-W3-360 airfoil at a Reynolds
number of 3 million, with the VG placed at x/C=0.15.
6. Conclusion and future work
This paper describes a methodology for computing the eﬀect of Vortex Generators on airfoil
sections using Computation Fluid Dynamics. A grid generation method is developed that allows
easy repositioning of the VG in chord-wise direction on diﬀerent airfoil sections, and where other
VG parameters like inter- and intra-spacing and the inclination angle can relatively easy be
changed and stored in a library of VG units. It is shown that the method is in fact capable of
predicting the qualitative eﬀect of VGs and even though the method fails to predict the excact
stall onset angle it captures the lift in the extended attached region well. It is demonstrated that
the method is a large improvement to typical CFD approach where VG are simply neglected
in the computations and that the method can be used to qualitatively compare diﬀerent VG
setups. Some complications compared to the measurements are described, mainly the roughness
like eﬀect of the relatively large base plate of the present VGs, and future computational studies
are planned where the VG base is included in the computations. The high degree of details
provided by the CFD simulations can directly be used to investigate many of the boundary
layer changes generated by the VGs. Additionally, the load characteristics can be extracted
from the present type simulations and used in simpler models or BAY type CFD models.
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